ABSTRACT ~ T h e results of applying d a t a from the Danish polarimetric SAR (EMISAR) t,o estimate soil moisture for bare fields have been presented. Fully calibrated C-band SAR irnages for h h , vv and cross polarizations have been used in t.his study. T h e measured surface roughness d a t a showed that classical roughness autocorrelation functions (Gaussian and Exponential) were not able t o fit nat,ural surfaces well. A Gauss-Exp hybrid model which agreed better with t,he measured data has been proposed. Theoretical surfacc scatkring models (POM. IEM), as well as an empirical model for retrieval of soil moisture and surface rms height [l] froni CO-and cross-polarized ratio, have been examined, but t,he resiilts are less sat.isfactory. soil moist,ure, as wcll as r n s height, is about 0.77. To improve t,he result,, t,hr local incidence aiigles nped to he taken into accol1 n t.
As soil moistsure response to backscattering coefficient CTO is mainly coupled to surface roughness effect for bare fields. a bilinrar model conpling volumetric soil nioist,ure m ,, and surface rms height r t o c o has been applied. This model has previously been investigated with MAESTRO-] 
d a t a at, Flevoland in T h e Netherlands [?I. T h e results ~I O I T I t,he present analysis
showed that correlation coefficient,s between the model and the observed r o are 0.86-0.81 for hh. v v and liv ( v h ) polarizations. For estimation of surfacr parameters with t,he bilinear model. t,he c:orrelat.ion cocficient betwecn t,he cstimated and measured soil moist,ure, as wcll as r n s height, is about 0.77. To improve t,he result,, t,hr local incidence aiigles nped to he taken into accol1 n t.
IN TROD UCTION
Radar remote sensing has for many years showed great pot,entials for nicasurement, of t>op layer soil moisture in large and small scales a t all-weather conditions [ 3 , 41. However. the soil moistailre response t,o t,he backscattering coefficient 0 ' is influenced by vegetation and surface roughness effects, and the int,eraction among all three is not well understood. Lots of work has heeii done t,o model the relations among them. This paper presents some results 011 the estimat.ion of soil nioisture using d a t a froni the Danish polarirnet,ric SAK acquired over an agric ul t, u r a1 test sit e in J 11 t land, Dciiuiark, therefore the vegetation effect, can he neglected and the wheat field is treated as a hare one. One of the bare fields had three different scales of roughness produced with different types of rollers t o test the roughness effect. T h e other hare field was partly irrigated in order t o generate different degrees of water content for testing the soil moisture effect. Sampling lines in each test field were pre-determined according t o water content arid roughness variations. T h e top 0-5 cm and 0-10 cm layer volumetric soil moisture were measured with TDR (Time Domain Reflectance) at every 25 meters (10 meters for the irrigated field) along sampling lines. T h e dielectric constant of soil was computed from soil moisture and soil texture data using an empirical model [8] . T h e soil surface roughness \vas measured by a self-made instrument which is a wooden board with a 2-meter ruler attached. T h e surface height profile along the board is sampled at every 1 c m by measuring the vertical distance from the soil top t o the edge of the horizontal board. Two or three roughness measurements were taken a t each field and each measurement contained two sampling profiles -along and across flight direction. Climatological d a t a and other ground truth d a t a were also collected throughout the campaign period. T h e in-situ d a t a collection was made i n connection with the DANMAC-project (Danish Multisensor Airborne Campaign). However, these models were not able to describe the measured roughness data. T h e Gaussian model gave an overestimation in the region close to t,he origin and an underestimation at the tail, and vice versa for the exponential model. Other twoscale models have been exanlined too, but no good agreement was achieved. Therefore, a new hybrid autocorrelation function called the Gauss-Exp model has been investigated. It is the product of Gaussian and Exponential function:
GAUSS-EX P AUT
where E is the displacement and L is the correlation length. This function is seen to be just bet,ween Gaussian and exponential model and agrees well with experimental data. Fig. 1 presents a typical correlation function measured and its correspondence with Gaussian, exponential and Gauss-Exp model.
Another feature of (1) is that its n t h power p " ( 0 has the same form as p ( 0 , which is convenient for theoretical calculation of the high-order roughness spectrum [Y]. No closed form can be derived from the Fourier transform of ( I ) , therefore a numerical approach has to be used to find the spectrurn. T h e model has been tested wit,h experimental d a t a cited from [l] which were measured at t>he IJniversity of Michigan. Data were available for an incidence angle range from 20°-600. T h e soil surface of the test, fields was well fitted with the Gauss-Exp correlation. TJsing the Integrated Equation Model (IEM) [9] it has been shown that theoretical results based on the Gauss-Exp model fitted the d a t a better than those based on both the Gaussian and the exponential model.
COMPARISON WITH THEORETICAL MODELS
The evaluation of the applicability of classical scattering models to the SAR d a t a has been made according to roughness scales. T h e measured roughness parameters extend from kcr = 0.27 to kcr = 1.35 and from k1 = 5.85 to kl = 15.22 (where k is the wave number, CJ is t h e rms height and I is the correlat,ion length). It is identified that the roughness conditions fall into the valid regions of the IEM and partly into the Physical Optical Model ( P O M ) , but outside the regions of the Small Perturbation Model (SPM) and Geometric Optical Model (GOM) [IO] . Therefore, IEM and POM are applied in the theoretical evaluation. with IEM and POM is sensitive t o the variation of k2 as well as kcr. T h e simple instrument used for roughness measurement could give reliable value of cr because of the large number of height samples taken, but the value of 1 may be questionable because the l c m sampling interval is sparse for estimation of 1. Another difficulty may be the periodical structure of natural soil surface. The surfaces along and across the row (planting) direction might show quite different correlation lengths. T h e 1 used in the calculation is the mean value of 2 a t the along and across flight directions. Hence, the sensitivity of the model results on the correlation length will be studied in a future analysis, as well as the influence of the row direction effect.
For estimation of m, and (r, the empirical model for CO-and cross-polarized ratio for rough surface [1] has also been examined with the observed d a t a and the solution is unsatisfactory. T h e maximum correlation coefficient between the model predicted and the observed d a t a is 0.5.
BILINEAR MODEL FOR cr A N D m,
T h e semi-empirical model developed by Ulaby et al. probably is the most simple and popular one used for soil moisture retrieval [lo] . It is a linear correspondence between oo and m,. Roughness effects are implied in the coefficients of the model. Both (2) and ( and B show that, larger roughness and moisture value result in stronger backscatt,ering. Fig. 3 shows the variations of crliOtc versus m, when roughness has been accounted for. T h e regressions of ( 3 ) for hh, vv and hv polarizat,ions are also shown i n the figure. obtained. If the rms height could be evaluated, soil moisture could be estimated from ( 3 ) .
To improve the results, the local incidence angle effect should 
